Background: Female sexual dysfunction is a common but poorly understood human condition. One of the aspects hindering progress in this area is the lack of appropriate animal models that can be used to study the complex factors involved in this sexual health problem. Recently, attention has focused on the probable role of vascular dynamics of the genital organs and their potential for impact on female sexuality. The objective of this study was to provide a better description of the vascular anatomy of the female rat vagina and external genital organs in an attempt to better develop this as an animal model to study female sexual dysfunction. Methods: Young female (nonestrous) virgin rats were anesthetized, the abdominal aorta was cannulated, and the distal vasculature was¯ushed and ®xed in vivo for histological studies or for subsequent infusion with Mercox resin for vascular corrosion casting. Vascular corrosion casts of the external genitalia (vagina and vulva) were studied using a scanning electron microscope (SEM). Fixed tissue specimens were also embedded and sectioned for histochemical and immunohistochemical analysis. Results: Scanning electron microscopy imaging allowed a description of the vascular and microvascular system of the nonestrous female rat genitalia. Major feeding vessels were located laterally in the muscular and serosal layers of the vagina with a complex system of interanastomosing collaterals between these large lateral trunks. The sub-epithelial region of the vaginal wall contains a dense and rich network of capillaries that perfuse the epithelium. These data were corroborated by two-dimensional histochemistry and immunostaining for endothelial and smooth muscle cells on paraf®n-embedded thin sections of the female vagina and vulva. Conclusion: This study provides the ®rst detailed three-dimensional en bloc view of the macro-and microvascular anatomy of the female rat vagina and vulva. The ®ndings suggest an active interaction between the microvasculature and the epithelial cells of the vaginal wall. This study will provide the basic anatomic groundwork for future experiments on perturbations of the vascular system of the rat female genitalia in response to hormonal stimuli and various disease states.
Introduction
Although recent surveys indicate that 75% of American women experience some form of sexual dif®culties during their lifetime and 50% of married couples reportedly experience sexual dysfunction related to problems of female receptivity, the pathophysiologic basis for female sexual dysfunction remains poorly understood. In a recent study, 33.4% of female respondents identi®ed an overall lack of interest in having sex, 24% reported anorgasmia and 14.4% reportedly experience pain during intercourse. 1 Such numbers place female sexual dysfunction as one of the most prevalent health problems in the United States. In clinical practice female sexual dysfunction rates are poorly reported, in part because the patient and the health care provider are reluctant to address these issues. Thus, these numbers are likely to be a gross underestimate of the true prevalence of female sexual dysfunction. Furthermore, new studies linking other common diseases, such as depression, hypertension and diabetes, with reduced female sexual desire or satisfaction, clearly indicates that this condition is far more prevalent than previously appreciated.
Males and females share the same major phases of the sexual response cycle including desire, arousal, and orgasm. While the majority of males with sexual dysfunction complain of speci®c dif®culty in the initiation or maintenance of penile erection (erectile dysfunction, impotence), female sexual dysfunction includes a broader and less speci®c range of complaints that are more dif®cult to ascribe to a particular objective sexual response. This makes the basis for female sexual dysfunction more dif®cult to de®ne and quantify. Likewise, animal models and clinical testing are now available for the study of male sexual dysfunction. However, only limited clinical research and few animal experiments have been designed to achieve a better understanding of female sexual dysfunction. The latter mainly explore the use of hormone supplementation as a therapy for sexual problems in women. 2 Within the last year, the development of new clinical trials and animal research directed to this issue indicates a growing interest among the scienti®c community to investigate this inadequately understood condition. Moreover, the recent successful introduction of sildeni®l for the treatment of erectile dysfunction in males has fueled an impetus in both the academic and industrial ®elds towards learning about the physiology and biochemistry of the male and female genitalia.
Obviously, one of the most important tissues involved in the female sexual response is the vagina and its associated structures. It is known that the vaginal epithelium undergoes cyclic and age-dependent morphological and functional changes. It is a highly hormone-sensitive organ that responds to small changes in the hormonal milieu. 3 With the contemporary broad use of contraceptives, female genital organs are exposed to arti®cial hormonal environments not normally experienced. Clinically, different changes in the normal function of the vaginal wall are related to physiological (pregnancy and delivery, menopause, sexual intercourse), hormonal, and other psychological factors, in addition to pathological conditions such as infections, neoplasias, and diabetes. Each of these conditions has the ability to complicate the appropriate clinical and academic approach to study and treat female sexual dysfunctions.
Several research centers around the United States have already conducted human clinical trials on measuring the rate of blood perfusion to the human vagina, using laser doppler, oxygenation± temperature method, and vaginal photoplethysmography. 4 The ultimate objective of these clinical studies has been to better characterize the effects of particular medications and disease states on female sexual function. These preliminary experiments all support the view that normal female sexual physiology depends on adequate perfusion and hemodynamics of the genital organs. 5 These clinical studies on blood¯ow to the vagina are now being extended to animal models. In 1997 Sato et al 6 published a promising study that revealed the relationship between the normal hormonal cycles and apoptosis in the rat vaginal epithelium. Subsequently, Burman et al 7 showed the critical role of estrogen's regulation of nitric oxide synthase expression and apoptosis in nerves, smooth muscle, vascular endothelium, and epithelium of the rat vagina. The latter ®ndings may have signi®cant implications for the pathology and physiology of pre-and postmenopausal female sexual dysfunction.
Until recently, comprehensive studies of the vascular system of the rat female genital organs have been limited to the gross level. Vascular corrosion casting is an established technique that can elucidate the three-dimensional vascular and microvascular structure of the female genitalia. The goal of this study is to give a detailed histological and three-dimensional description of the microvasculature of the adult rat female vagina, clitoris and vaginal vulva. This study will provide the basis for future experimentation on the vascular system of the rat female genitalia.
Materials and methods

Animals
All rats were maintained in a controlled environment with food and water available ad libidum, and with 12-h dayanight cycles. Eighteen mature nonestrous, virgin, 8 ±10 week old female rats (Sprague ± Dawley, 325 ±350 g) were used in two different experiments. Fifteen animals were used for the vascular corrosion casting; three rats were used for paraf®n sections.
Vascular corrosion casting
At the time of the vascular casting rats were anesthetized and injected with 1000 unitsakg of heparin intraperitoneally to prevent blood coagulation during the casting procedure. Thirty minutes later, a transverse incision was made in the lower abdominal wall and the abdominal aorta was dissected and separated from the inferior vena cava. A 22 G catheter was inserted in the upper abdominal aorta pointing distally just beyond the origin of renal arteries. The catheter was secured with a ligature around the aorta. The other end of the catheter was then connected to a saline reservoir that contained 10 Uaml Heparin via a three-way stopcock. On the other port of the stopcock, a syringe barrel (installed on a syringe infusion pump) was connected for the purpose of in-vivo ®xation and resin infusion. The inferior vena cava served as a site of blood drainage from a small incision above the level of the catheter.
The animal was given a second dose of anesthesia and the abdominal aorta and the inferior vena cava were ligated proximally. The lower vasculature was ushed free of blood by perfusion over a period of $ 30 min with 100 ml of warm normal saline (0.9%
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NaCl with 10 Uaml Heparin) at a rate of 3 mlamin. Conditions of the infusion procedure were kept constant in all animals to ensure a uniform quality of vascular casting. In six animals a 3 mm (in diameter) metal bar was inserted in the vagina to maintain an open lumen during resin polymerization. When the draining saline became clear, the lower vascular system was ®xed with 60 ml of 4% paraformaldehyde in 0.1 m phosphate buffer. Freshly prepared resin, consisting of Medcox CL2B, catalyst (Ladd Research Industries, Burlington, VT), and methyl methacrylate monomer (Polysciences, Warrington, PA) at a ratio 4.0a0.3a1.0 (vavav) was added to the syringe barrel. The resin was perfused in the same way until the onset of polymerization (10 min). The vagina and vulva were removed and immersed in hot water (50 C) for 30 min to complete resin curing. Tissue maceration consisted of treating the tissue with alternating changes of 10% KOH and hot running water) until the casts were free of tissue (24 ± 48 h).
Scanning electron microscopy
Casts were washed in distilled water, followed by a brief ethanol rinse. Samples were air dried, then mounted individually onto aluminum stubs or glass slides using silver conducting paint. The mounted samples were coated with $ 100 A of a goldpalladium alloy (60% Aua40% Pd) in a Denton Desk-1 sputter coater, viewed in a Cambridge 250 Mark 2 SEM at an accelerating voltage of 5 ± 20 kV, and recorded on a Polaroid 4"Â5" Type 55 ®lm. SEM was performed in the Scanning Electron Microscopy Laboratory in the Marine Biology Facility of Columbia University.
Immunohistochemistry and histochemistry
Formalin ®xed tissue was dehydrated and embedded in paraf®n. Five-micron-thick sections were stained with Hematoxylin-Eosin. Staining for asmooth muscle actin was used to localize the media of arteries, veins, arterioles and venules, as well as the muscularis of the vaginal wall. For immunostaining, paraformaldehyde-®xed, paraf®n-embedded tissues were sectioned at 5 microns, deparaf®nized, and rehydrated in graded alcohols. Sections were then immunostained with anti-a smooth muscle actin conjugated with alkaline phosphatase (1a50 dilution), (Sigma Chemical Co, St. Louis, MO) for 1 h at 37 C using Fast Red substrate (Sigma Chemical Co, St. Louis, MO) as chromogen. Sections were counterstained with hematoxylin and mounted with glycerol gelatin (Sigma Chemical Co).
For immunostaining of the endothelium of the vessels and the capillaries, rehydrated sections were microwaved in citrate buffer and blocked with 3% H 2 O 2 in PBS for 30 min. Sections were then washed in PBS, incubated with normal goat serum (ABC Kit Vectostain, Vector Lab, Inc, Burlingame, CA) for 20 min, and incubated with rabbit anti-human von Willebrand Factor, Factor VIII antibody (1a1000) (Dako Corporation, CA) at room temperature for 1 h. Sections were then washed three times in PBS and incubated with secondary goat anti-rabbit biotinylated antibody at room temperature for 45 min. Sections were then washed and the signal revealed with biotin streptavidin (ABC Kit Vecta-stain, Vector Lab, Inc, Burlingame, CA). Finally, slides were counterstained with hematoxylin, dehydrated, and mounted.
Results
Vascular corrosion casts prepared from 12 normal (nonestrous) rat vaginas were analyzed by SEM to evaluate the structural features of the vaginal vasculature. SEM imaging showed that high quality vascular casts were obtained in 11 of the 12 animals. The SEM images revealed a rich and complex network of major feeding vessels on the outer aspect of the vaginal wall (Figure 1, A, B) . These larger vessels, which range in diameter from 100 ± 200 microns (m) (vessels measured: n 30), represent the major arteries and the veins perfusing the vagina from the lateral walls (Figure 2) . The posterior and anterior aspects of the casts could be distinguished by the pattern of collateral vessels interconnecting the major lateral vessels. The posterior surface contains a series of serpentine collateral vessels (64 AE 33 m, n 20) originating at regular intervals from the major vessels. These serpentine vessels in turn ramify into a net-like vascular plexus of smaller interanastomoses (Figure 3) . In contrast, the opposing surface (the anterior surface) has no obvious arrangement of collaterals and these connecting vessels tend to be straighter and more branched than those found on the posterior surface (Figure 4,  A) . Vessels of the venous vaginal plexus are more readily identi®ed along the anterior surface. Here, large veins are found to interanastomose with each other through large¯at sinuses beneath a thin layer of super®cial small vessels and capillaries (Figure 4,  B) . Furthermore, the vascular casts revealed a dense plexus of capillaries (7.6 AE 1.2 m, n 100) below the layer of larger vessels ( Figure 5 ). This complex network of small capillaries lies close to the base of the vaginal epithelium. This close anatomic relationship of capillaries and epithelium was con®rmed by analysis of ®xed thin sections of rat vagina that were immunostained with anti-factor VIII antibody. The pattern of factor VIII positive endothelial Microvascular architecture of the rat vagina A Shabsigh et al cells ( Figure 6 ) revealed the major distribution of capillaries directly beneath the epithelium, whereas the larger vessels were found to occupy the outer serosal layer of the vaginal wall. Some capillaries were also found dispersed within the muscular and serosal layers of the vagina using factor VIII immunostaining.
Immunohistochemistry of thin sections of paraf®n embedded tissues using anti-a smooth muscle actin outlined the arteries and arterioles and allowed them to be distinguished from the more thin-walled veins and venules. This immunostaining procedure also demonstrated the preferential distribution of the larger vessels within the serosal layer of the vaginal wall. The larger arterioles (19 AE 1.7 m, n 50) originate from these arteries, pass through the thin muscular layer of the vagina and ultimately supply blood to the inner capillary network (Figure 7, A) . As revealed by the vascular casts, some of these arterioles connecting the large arteries with the capillary plexus have a spiral shape, whereas others have a serpentine shape similar to those of the collaterals present in the outer posterior surface of the vascular casts ( Figure  7, B) . Spiral veins, resembling the spiral arterioles, drain the blood from the sub-epithelial capillary network to the main veins of the vaginal plexus. This predominantly spiralaserpentine arrangement of the vaginal vasculature was clearly delineated along three axes relative to the vaginal lumen: longitudinal, perpendicular and radial (Figure 8 ). This design implies a special adaptation of the blood supply of this organ to accommodate the unique requirements of the vagina during the estrous cycle, intercourse, and parturition. Microvascular architecture of the rat vagina A Shabsigh et al
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To better reveal the architecture of the vascular casts of the luminal surface of the vagina, we placed a stainless steel bar (3 mm in diameter) in the vagina of some of the rats (n 4) prior to the paraformaldehyde infusion step of vascular corrosion casting. While this bar partially distends the vagina, it enabled us to easily study the luminal surface of the vaginal vascular casts. SEM pictures of the luminal surface of these vaginal casts gave a better view of the sub-epithelial capillary networks. The capillaries on the inner surface are arranged in a single-layered series of loops with a honeycomb-like conformation. In the casts made from the partially distended vaginas, the average number of capillaries comprising the walls of each unit of the honeycomb is 4± 6 per loop, forming rectangular, pentagonal and hexagonal structures (Figure 9 ). The average diameter of a capillary loop unit is 172.3 AE 73 m. These measurements might differ in vaginal vascular casts made from undistended tissues. However, we could not measure these structures in undistended tissues because of the dif®culty in identifying individual capillary units.
Near the vaginal opening, the vasculature of the longitudinal folds of the vaginal walls reveals a dense network of ®ne serpentine capillaries that outlines the folds and the grooves of this part of the female genital tract. Several larger vessels emerge (Figure 10A, B) . It was not clear whether these larger vessels represent veins that drain the blood from the epithelial capillary network in the vaginal wall to the external surface of the vulva, or if they are predominantly arteries supplying the sub-epithelial capillary network in a direction from the vulva to the vaginal wall.
Both the hooklike clitoris and the uretheral ostium are located in a high cone of the rat vagina which protrudes 3 ± 6 mm caudally. As revealed by the vascular casts, the clitoris contains longitudinal veins that form the cavernous body. At the base of the clitoris lies a ring of larger veins that encircle the cavernous body and give off 5 ± 6 branches that appear to provide venous drainage for this structure ( Figure 11A, B) .
Discussion
The vagina of a mature, nonestrous female rat is approximately 15 ±20 mm long and 3 ± 6 mm in diameter. This tissue can be described as having three layers; the outer serosa, a thin muscular layer, and the inner mucosa. After puberty, the mucosa contains a squamous epithelium, 8 ± 12 cells in thickness. The super®cial three or four layers show mucous degeneration whereas the deeper layers keratinize with a distinct stratum granulosum and lucidum. 8 Both the hooklike clitoris and the uretheral ostium are located in a high cone in the vagina, which protrudes 3 ±6 mm caudally. The clitoris is constructed of loose connective tissue traversed by longitudinal veins that form the cavernous body. Numerous longitudinal folds can be found in the vaginal wall and these folds continue into the vaginal opening. 9 Most of the muscular layer of the vagina is formed by longitudinal muscles that are continuous with those of the uterus. The muscle coat of the vagina thins caudally and disappears entirely in the caudal third of the vagina. At the osteum, irregular strands of striated muscles can be found. 10 The vagina, being a sexual accessory tissue, is obviously extremely sensitive to the hormonal milieu, and different stages of the estrous cycle are associated with distinct morphological changes in vaginal tissue. In this study, we attempted to de®ne the overall vascular structure of the normal, nonestrous rat vagina to provide a baseline for future experiments investigating changes in the vaginal vascular system associated with different phases of the estrous cycle. The vascular corrosion casting technique, when combined with scanning electron microscopic imaging, provides a simple and reliable method for direct three-dimensional visualization of the vascular system of the genital organs of the female rat. Previously, these techniques have been used to characterize the vascular system of many different rodent tissues. Possible drawbacks to the technique stem from the ability of heat generated during the procedure and variability in the infusion pressures to alter the vascular size. However, this technique, when used appropriately, is extremely useful in comparative situations (i.e. in comparing tissues subjected to differing hormonal conditions) as well as in de®ning the overall structure of the vascular system of any given tissue. Nevertheless, the excellent reproduction provided by casting provides a unique view of the three-dimensional structure of the vasculature of the rat vagina and its associated tissues, with excellent detailing of the vessel diameter and spacing under certain physiological condition. This technique is particularly useful in quantitative comparative experimentation.
The female rat genitalia are supplied with blood by both branches of the common iliac artery, namely the external and internal iliac arteries. In most rats, the external iliac artery gives rise to the pudendoepigastric trunk that perfuses part of the vagina, whereas all the other vessels of the vagina are normally derived from the internal iliac branch. Alternatively, in some individuals the iliac artery does not divide into internal and external branches but rather gives rise directly to several large vessels including the cervical artery and the vaginal artery. The latter supplies the vagina with blood and gives a branch to the uterine cervix. Blood is drained from the vagina through a complex network of veins called the vaginal venous plexus. 10 This plexus gives rise to several veins that merge with the tributaries from the bladder and the ureter and a large vein from the pudendal plexus. The veins ultimately combine into the superior vesical vein that joins the uterine vein at the cervix. The superior vesical vein then enters the ventral surface of the common iliac vein ( Figure 11A, B) . The clitoris and the vaginal osteum are supplied by the clitoral artery, which divides from the internal pudendal artery at the ischiorectal fossa. The dorsal vein of the clitoris opens into a venous circle on the ventral face of the vagina called the pudendal plexus (pic12). Both the inferior external pudendal and the internal pudendal veins open into the circle.
Our SEM study of vascular casts of the rat vagina reveal a rich and complex vascular system that is designed to accommodate highly different requirements of this organ during the estrous cycle, sexual intercourse and parturition. Multiple collaterals connect the major vessels on the posterior and anterior sides of the rat vagina. These collaterals are highly distensible. Numerous serpentine vessels directed longitudinally, perpendicularly, and radially maintain adequate blood perfusion to the vagina during vaginal dilation at the time of sexual intercourse or parturition.
Rogers et al 11 studied the vascular system of the rat uterus with a similar vascular casting technique and showed that the vascular system was signi®-cantly altered during the various stages of the estrous cycle. These studies are likely relevant to the human situation as shown by subsequent reports of marked changes in endometrial perfusion during the normal human menstrual cycle. 12 It is highly likely that the vascular system of the vagina, another hormone-sensitive tissue, will exhibit similar changes in morphology and in hemodynamics during the estrous cycle. Therefore, this model system will serve as a valuable tool to study the changes in the microvascular of the rat vagina and vulva in different stages of the estrous cycle and in other experimental settings.
